that a mutant form of lck incapable of interacting with CD4 and CD8 is unable to promote negative selection (Trobridge et al., 2001). Given that so many of the initial players in T cell activation and thymocyte positive and negative selection are the same, the question arises as to functional outcome is negative selection. By making 3D
After 2-dGuo treatment, which removes lymphoid and dendritic cells, and anti-CD45 bead depletion, which removes macrophages, over 80% of the stromal cells are epithelial and the rest are fibroblasts (Jenkinson et al., 1992) . To show that negative selection could occur in these reaggregates, they were dissociated and stained for CD4 and CD8 expression after 72 hr in culture. Figure 2B demonstrates that in the absence of exogenous peptide B10.BR stroma positively select DP cells, yielding CD4 SP thymocytes. However, with 1 M of the agonist MCC(88-103), DP thymocytes are efficiently deleted. Furthermore, 
5C.C7 TCR transgenic C57BL/6 thymocytes were transduced with
We also asked whether expression of lck-GFP or CD3-lck-GFP or CD3-GFP retroviruses. As expected, both fusion proteins localized to the plasma membrane. Scale bar, 10 m.
GFP alters the ability of DP thymocytes to undergo positive and negative selection. After 72 hr in culture, examination of CD4/CD8 profiles of GFP-positive cells reveals that reconstructions of the thymocyte:APC interfaces, we have both positive and negative selection occur as efficiently on been able to assess the patterns of lck and CD3 accumutransduced thymocytes as on nontransduced cells (Figure lations and show that the pattern of CD3 at thymocyte 2B, lower panels). As previously described, the CD3-GFP synapses differs from that in mature T cells. Given that fusion protein associates with ZAP70, is phosphorylated many key signaling molecules in negative selection of upon activation, and fails to alter the proliferative response thymocytes and activation of mature T cells are the same, to agonist when expressed in D10 T cells (Krummel et al. , and yet the functional outcome varies between apoptosis 2000). Likewise, lck-GFP restores calcium flux to TCR and proliferation, it seems likely that different spatial orgacrosslinking in JCAM1.6 cells and also fails to alter the nization of molecules like CD3 at immunological synapses proliferative response to agonist when expressed in D10 could contribute to the establishment of distinct signaling T cells (L.I.R., unpublished data). Therefore, expression cascades. The system that we have established is generof lck-GFP and CD3-GFP in thymocytes does not deally applicable to visualizing the molecular machinery of tectably alter their ability to undergo proper signaling many other interesting cellular interactions and processes through the TCR. that occur within the thymus.
Both Lck-GFP and CD3ϪGFP Are Accumulated at the Synapse during Negative Selection Results
To analyze synapse formation in reaggregate cultures, lck-GFP and CD3-GFP expressing 5C.C7 DP thymoEfficient Transduction and Selection of DP 5C.C7 Thymocytes cytes were reaggregated with B10.BR stroma with or without 1 M MCC(88-103). After 4 hr in culture, the Using retroviruses encoding lck-GFP or CD3-GFP, we transduced 5C.C7 TCR transgenic DP thymocytes. Epiflutime point at which the reaggregates had solidified sufficiently to be removed from the wells intact and at which orescent microscopy revealed that both fusion proteins localize to the plasma membrane, as do wild-type proteins surface molecules such as CD4 were recovered posttrypsinization, reaggregates were imaged. In reaggregates (Figure 1) where DIC images could not be resolved due to crowding of cells in the field. Ninety-eight percent of lck-GFP Pharmingen) 24 hr after transduction to distinguish between DN and DP cells and analyzed by FACS to deterconjugates and 95% of CD3-GFP conjugates displayed GFP accumulations of at least 1.3-fold at the contacting mine the percentage of GFP ϩ cells (Figure 2A ). 28%-32% of DP thymocytes and 38%-42% of DN thymocytes exinterface relative to noncontacting sides of the cells (average fold accumulation at the interface was 1.6 for pressed the fusion proteins.
To obtain transduced thymocytes at a developmental lck-GFP and 1.5 for CD3-GFP; Table 1 ). In DIC images, we frequently observed rosettes of thymocytes surstage capable of undergoing selection, we enriched for DP thymocytes 24 hr after transduction by positively serounding epithelial cells ( Figure 3A , left panel), indicating that one epithelial cell could efficiently interact with mullecting on anti-CD8 coated beads. DP thymocytes were reaggregated with 2-deoxyguanosine (2-dGuo)-treated tiple thymocytes. Thus, in the presence of an agonist peptide that mediates negative selection, thymic epithestroma from embryonic day 15 B10.BR mice with or without 1 M MCC(88-103) to generate stromal environments lial cells are able to efficiently form conjugates with 5C.C7 DP thymocytes. These conjugates demonstrate that mediate negative or positive selection, respectively. immunological synapse formation with lck-GFP and peptides that might foster T cell interactions, we used a construct in which the I-E k ␣ chain was fused to an CD3-GFP accumulated at the contact region ( Figures  3A and 3B) .
MCC peptide to show that MCC:I-E k complexes drive synapse formation. As C57BL/6 mice lack a functional Since I-E k molecules on B10.BR thymic stromal cells display exogenous MCC peptide as well as endogenous I-E␣ chain, expression of this construct in thymic stromal Figure 3C ). Frequently, we observed several All conjugates were scored for flat interfaces. Conjugates were then measured for the ratio of average GFP intensity at the interface over the side of the cell.
The extent of lck-GFP and CD3-GFP accumulation at the interface on positively selecting conjugates was consistently slightly less than on negatively selecting conjugates (Table 1) ; only 57%-64% of positively selecting conjugates demonstrated an accumulation at the interface of Ն1.3-fold, while nearly all conjugates under negatively selecting conditions had at least a 1.3-fold accumulation at the interface (Table 1) . We were unable to observe any conjugates on B6 stroma.
Distinct Accumulation Patterns of Lck and CD3 in Synapses of 5C.C7 Thymocytes and T Cell Blasts Undergoing Conjugate Formation
In order to examine the spatial organization of lck-GFP and CD3-GFP at thymocyte:stromal cell interfaces under negatively selecting conditions, we collected stacks of GFP images at 1 m intervals and used these to reconstruct 3D images of conjugated thymocytes. The reconstructions were rotated to view the interacting surfaces of thymocytes and stromal cells ( This allowed us to define regions within the interface such that accumulations that extended to the borders of the flattened interface but were excluded from the center were designated as peripheral accumulation patterns, while those in which the accumulated molecules were within the boundaries of the flat interface but not extending to those boundaries were designated as central accumulation patterns (for more detailed delineation of patterns, see Figure 5 ). Strikingly, the same predominant pattern of accumulation was seen for both lck-GFP and CD3-GFP: both molecules were accumulated to a higher extent at the synapse periphery than at the center, resulting in a partial to complete ring of molecules around the center of the synapse (Figure 4 and Supplemental Movie S2 at the above URL). This pattern strongly resembles that seen for CD4 and LFA-1:ICAM in mature T cell synapses, but is unlike that reported for CD3-GFP or TCR accumulations in mature immunological the center of the synapse. To ensure that the observed excluded patterns of lck-GFP and CD3-GFP were not an artifact of GFP-fusion mislocalization, we confirmed the localization patterns antibodies to lck and V␤3, the ␤ chain variable segment of the 5C.C7 TCR. As seen in Figures 4C and 4D , both with antibody staining. Nontransduced 5C.C7 DP thymocytes were reaggregated with B10.BR stroma in the lck and the TCR, respectively, were accumulated at the periphery of the interface between the thymocytes and presence of 1 M MCC for 4 hr, fixed, and stained with It has been suggested that negative selection is in-(50% versus 65.4%, respectively) ( Figures 5B and 5C) Figure 2B ). In addition, these stromal cells can also and McConnell, 2001; and data not shown), the rapid initiation of conjugate formation suggests that only a mediate positive selection ( Figure 2B ). Furthermore, retroviral-mediated introduction of GFP-tagged lck and very small number of MCC:I-E k complexes are able to trigger DP thymocytes to initiate signaling that results CD3 into DP thymocytes does not alter their ability to undergo positive or negative selection ( Figure 2B ). in negative selection.
Time-lapse movies of conjugate formation were acTherefore, we have a flexible system with which to observe the dynamics of molecular movements in DP thyquired for 1 hr, with 3 min intervals between acquisitions. Both lck-GFP and CD3-GFP accumulated within 3 min mocytes as thymic selection is initiated. It has been suggested that positive and negative seafter conjugate initiation, identified as the time point at which a flat interface was visualized in the GFP image lection might differ in the length of interactions between thymocytes and stromal cells ( plates in complete RPMI ϩ/Ϫ 1 M MCC(88-103). The plates were Transfected Phoenix-E lines were stably selected and maintained spun at 1000 rpm for 10 min and 2000 rpm for 10 min, then sealed in 10 g/ml Blasticidin (Invitrogen). The producer lines were moniin a humidified box that was filled with 60% O 2 and placed at 37ЊC tored by FACS for GFP or CFP expression.
for 4 hr until they were imaged. To generate reaggregates with To collect virus for infection of thymocytes and stromal cells, transduced B6 stroma, 1.5 ϫ 10 5 stromal cells and 1 ϫ 10 5 infected Phoenix-E lck-GFP and Phoenix-E CD3-GFP were grown at 37ЊC DP 5C.C7 thymocytes were reaggregated as described above. in 7% CO 2 to 60%-70% confluency on 10 cm tissue culture dishes To examine thymocyte:CH27 conjugates, transduced 5C.C7 DP in DMEM containing 10% FBS, 100 U/ml penicillin/streptomycin, thymocytes were mixed 2:1 with CH27 cells that had been pulsed 2 mM L-glutamine and 10 g/ml Blasticidin. To collect retroviral for Ն1 hr with 1 M MCC. The cells were gently centrifuged to supernatant, the media was replaced with RPMI containing 10% encourage conjugate formation, incubated for 10 min at 37ЊC, and FBS, 100 U/ml penicillin/streptomycin, 2 mM L-glutamine, and 50 then placed in chamber slides for immediate imaging. M ␤-mercaptoethanol, and plates were transferred to 32ЊC in 7% CO 2 . After 48 hr, the media was removed, filtered through . 6 thymocytes were resuspended in 1 ml of sandwiched between a coverslip, and the slide was separated by concentrated retroviral supernatant plus 5 g/ml polybrene (Sigma) a .25 mm gasket. Using mechanical pressure, the reaggregate strucand 10 ng/ml recombinant mouse IL-7 (R&D Systems) in a 24-well ture was slightly disrupted to allow cells to spill out for facilitated plate. The plate was then spun at 32ЊC at 2500 rpm in a Beckman imaging. table-top centrifuge for 1 hr and placed overnight in a 37ЊC incuImaging was carried out using a Zeiss Axiovert-100TV microscope bator. and a Plan Neo-Fluar 40ϫ/1.3 objective. The microscope was fitted To prepare blasts, lymph nodes were dissected from 4-to 6-weekwith a high-speed piezzo electric z-motor (Physik Instruments), dual old 5C.C7 TCR transgenic mice on a B10.Br background, and singleexcitation and emission filter wheels (Sutter Instruments), and a cell suspensions were made. Lymphocytes (3 ϫ 10 6 ) were placed Princeton Instruments Interline camera (Roper Scientific). A highin each well of a 24-well dish with 1 M MCC(88-103) and incubated intensity Xenon light source (Sutter Instruments) was utilized, and at 37ЊC. Twenty-four hours after activation, the blasts were resusdata were streamed from the camera to the computer to eliminate pended in concentrated viral supernatant ϩ 5 g/ml polybrene ϩ excessive bleaching. For time-lapse experiments, images were 1% IL-2. The plate was spun as above, and 24 hr later the infected taken every 3 min for 1 hr. At each time point, we collected a DIC cells were removed into fresh RPMI. Forty-eight to seventy-two image followed by a 20 m z stack of GFP images separated by 1 hours after the media change, the blasts were imaged for conjugate m. Microscope control, data acquisition, and image analysis were formation after mixing with CH27 cells or with thymic stromal cells performed in Metamorph (Universal Imaging). Conjugates in which loaded Ն1 hr with 1 M MCC. the plane of the interface was not orthogonal to the z stacks were disregarded during analysis.
Preparation and Infection of Stromal Cells
To prepare B10.Br stromal cells, thymic lobes from 14-to 15-dayold B10.Br embryos were placed in organ culture in complete RPMI Acknowledgments containing .36 mg/ml 2-deoxyguanosine (Jenkinson et al., 1992) . After 5-6 days in organ culture, lobes were disrupted with .25%
We would like to thank Cenk Sumen for the pIB construct and Rebecca Begley for technical advice on retroviral production. We trypsin in .02% EDTA (Sigma) for 15 min at 37ЊC. To deplete macrophages, anti-CD45 ( 
